ABSTRACT
Introduction
Outcomes after lung transplantation are poor due to bronchiolitis obliterans [1] . Since bronchiolitis obliterans is not readily demonstrated by lung biopsies, the term bronchiolitis obliterans syndrome (BOS) is applied, defined as a sustained forced expiratory volume in 1 s (FEV 1 ) decline [2] . Treatments for bronchiolitis obliterans are poorly efficacious [3] [4] [5] [6] . When higher dosages of calcineurin inhibitors are given for improved immunosuppression, nephrotoxicity and opportunistic infections are limiting [7] .
Bronchiolitis obliterans is a complex immunological process triggered by a pathogenetic alloresponse leading to epithelial injury, bronchiolar fibro-obliteration and FEV 1 decline [8] [9] [10] , making the bronchiolar epithelium an interventional target. It has been established that inhalational cyclosporine is deposited in peripheral bronchioles in elevated concentrations [11] [12] [13] .
In rodent and canine orthotopic lung transplant models, inhaled cyclosporine as single-agent therapy prevents histological rejection in a manner comparable to systemic immunosuppression, with higher intragraft cyclosporine concentrations [14] [15] [16] [17] . In humans, numerous clinical trials have shown that inhaled cyclosporine can prevent or ameliorate histological rejection and improve lung function [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . FEV 1 improvement has been shown to be dependent on the cyclosporine allograft concentration [21, 27, 28] . Previous studies of inhaled cyclosporine relied on propylene glycol to solubilise cyclosporine with a jet nebuliser, which resulted in adverse respiratory symptoms in up to 50% of patients [25] . Better tolerated aerosol formulations with quicker delivery and enhanced bioavailability are needed.
This trial, which used a liposomal formulation of aerosolised cyclosporine A (L-CsA), tailored for fast and targeted drug aerosol delivery with a high-performance nebuliser (eFlow), given in addition to standard-of-care (SOC) oral immunosuppression for the treatment of BOS following lung transplantation, is the first randomised controlled study using L-CsA for BOS treatment.
Methods

Patient characteristics
This open-label randomised trial was conducted at the University of Maryland (Baltimore, MD, USA) with Institutional Review Board approval. This study is registered at ClinicalTrials.gov with identifier number NCT01650545. The trial was conducted by way of the primary author's (A.I.) Investigational New Drug (IND) application. Enrolment was from September 2012 to January 2015. Follow-up for lung function was for 1 year and survival until September 2017.
Patients ⩾18 years of age were eligible if recipients of a single or bilateral pulmonary allograft, had clinically diagnosed BOS grade 1 or 2 [2] within 4 weeks of study entry and were receiving tacrolimus-based immunosuppression. Exclusion criteria are listed in the supplementary material. No patient had restrictive chronic lung allograft dysfunction or antibody-mediated rejection prior to or at randomisation, or thereafter [29, 30] .
Investigational medicinal product
The product is a drug-device combination: L-CsA and an investigational eFlow nebuliser system (PARI Pharma, Gräfelfing, Germany). L-CsA was supplied in vials of 5 mg/1.25 mL and 10 mg/2.5 mL containing liposomes ∼50 nm diameter ( polydispersity index <0.4) after reconstitution. The eFlow nebuliser produces an aerosol in the respirable range (2.8−5 µm). Average inhalation time was 10-15 min.
Treatment regimens
Conventional oral immunosuppression (SOC) included: tacrolimus (0.06 mg·kg ) and prednisone (10-20 mg·day
−1
). Immunosuppression was adjusted per the University of Maryland protocol (supplementary material). Augmented immunosuppression was given for treatment of histological or clinical rejection consisting of corticosteroids (intravenous methylprednisolone 1 g·day −1 (3 days) or oral prednisone at a dose of 100 mg tapered to 10 mg over 14 days) or antithymocyte globulin (ATG) 1.5 mg·kg
Patients randomised to the L-CsA arm were scheduled to receive L-CsA twice daily for 24 weeks at doses of 5 mg (single allograft) or 10 mg (double allograft), in addition to SOC. After the initial 24-week treatment period, patients in the L-CsA arm continued on SOC during a subsequent 24-week follow-up. Patients randomised to the SOC-alone arm received standard immunosuppression only.
Trial design and evaluations
The objective of the study was to evaluate safety and efficacy of L-CsA for grade 1 and 2 BOS. Because single lung recipients have a worse outcome, randomisation was stratified according to single and bilateral status. Patients were then randomly assigned to groups according to block randomisation in a 1:1 ratio to receive either L-CsA or SOC-alone. Study treatment began as soon as possible after randomisation, typically within 7 days. If SOC-alone patients met a primary end-point of ⩾20% decline in FEV 1 from randomisation and still met initial study entry criteria, L-CsA was permitted as "rescue" crossover. Additionally, if this efficacy end-point occurred during the second 24-week follow-up period after L-CsA administration in that arm, L-CsA could then be re-initiated for a second 24-week period. Crossover patients in both arms were followed clinically, but their data were included in the study analyses end-points up until they met a primary study end-point.
End-points
There were two primary end-points: 1) a composite of BOS progression-free survival, defined as time from randomisation to ⩾20% decline in FEV 1 , re-transplantation or death, whichever occurred first ( prolonged mechanical ventilation and irreversible respiratory failure equivalent to ⩾20% decline of FEV 1 ), and 2) BOS grade progression by grade changes from randomisation to study completion. A decline in FEV 1 was validated for absence of concurrent illness measured at intervals ⩾3 weeks apart.
Other exploratory end-points included change in lung function, quantitation of histological bronchiolitis obliterans and bronchoalveolar lavage (BAL) cytokine measurements (interleukin (IL)-1β, IL-2, IL-6, IL-8, IL-10, IL-17, interferon (IFN)-γ and tumour necrosis factor (TNF)-α)) by multiplex assay (Luminex 100 system; Luminex, Austin, TX, USA) analysed using Bio-Plex Manager (Bio-Rad, Hercules, CA, USA). BAL was performed before randomisation, at week 24, and when indicated clinically [2] .
Safety
Patient and graft survival and adverse events including infections and symptoms related to L-CsA were quantified as an index of safety and compared between study arms. An Outcomes and Safety Committee adjudicated events.
Statistical analysis
As the first phase IIb trial using L-CsA for BOS treatment, the number of patients to be randomised was determined by the availability of L-CsA and other resources. The IND study specified the end-points, safety measures and a 3-year enrolment period of 30 patients. No modifications were made after trial initiation. 15 patients per group was deemed appropriate, as absence of the desired outcomes for L-CsA would discourage future drug development. Enrolment of qualifying recipients was discontinued after 3 years after accrual of 21 subjects. The target enrolment goal was not met due to lower than anticipated enrolment rates. Outcome data collection continued until either a primary outcome event occurred or patients without events completed the study at 48 weeks. Patient and graft survival were monitored until September 2017 as an assessment of safety independent of continuation or discontinuation of L-CsA. Patients were analysed according to the intention-to-treat principle. No patient was lost to follow-up.
End-point events were compared by Kaplan-Meier survival analyses and log-rank testing as specified a priori by our protocol. A p-value of <0.05 indicated statistical significance. Since the patient survival analysis showed nonproportionality, the Renyi statistic was also used. Data are presented with hazard ratios and 95% confidence intervals. For lung function analyses, multivariate linear mixed effects statistical models (PROC MIXED in SAS version 9.1.3; SAS Institute, Cary, NC, USA) were utilised [31] . Secondary end-points included lung function changes, infection rates and survival. For lung function, as pre-specified for single and bilateral lungs, one mixed model was based only on post-randomisation lung function data using a longitudinal regression model, while a second model accounted for intragroup values pre-randomisation adjusting for within-patient trends that could potentially influence post-randomisation function. Changes in cytokine measurements from pre-to post-randomisation were compared using two-way ANOVA from 42 BAL collections (21 in each group). Sirolimus and tacrolimus levels and routine laboratory values were compared using a mixed effects model. A total of 243 pulmonary function tests (122 L-CsA and 121 SOC-alone) and 603 blood samples were analysed.
Results
Patient characteristics
Of 43 patients screened, 17 failed to meet BOS grade criteria and 21 were randomised (11 to L-CsA and 10 to SOC-alone) (figure 1). Baseline characteristics and clinical management of the two groups were similar, although more cytomegalovirus mismatches were randomised to L-CsA (table 1) . Mean±SD time to BOS confirmation for L-CsA was comparable to SOC-alone (1391±859 versus 1061±796 days; p=0.41). Re-transplantation (n=2) L-CsA crossover # , successful (n=1) L-CsA crossover # , unsuccessful, followed by re-transplantation (n=1)
Mechanical ventilation (n=1) FIGURE 1 Study enrolment. L-CsA: liposomal cyclosporine; SOC: standard of care; FEV 1 : forced expiratory volume in 1 s; BOS: bronchiolitis obliterans syndrome. 43 patients were assessed for eligibility for this study. 17 screened patients did not meet BOS grade 1 or 2 criteria and three patients met exclusion criteria. 23 patients met eligibility criteria. One patient died and one patient withdrew prior to randomisation. 21 patients were randomised: 11 patients to the inhaled L-CsA treatment arm given in addition to conventional oral immunosuppression (SOC) and 10 patients to the SOC-alone arm. Patients were followed until an efficacy end-point occurred (a ⩾20% FEV 1 decline or re-transplantation or death) or until week 48. If the efficacy end-point event occurred before week 48 in the SOC-alone arm, crossover to L-CsA was permitted. If the efficacy end-point occurred in the L-CsA group during the 24-week observation interval only, re-treatment with L-CsA was possible if patients still fulfilled eligibility criteria. One SOC-alone patient developed protracted respiratory failure (>3 weeks duration) due to progressive BOS.
#
: the mean duration of L-CsA crossover or re-therapy was 156 days (a successful L-CsA "crossover" or "re-therapy" was defined as absence of ⩾20% FEV 1 decline relative to the time of initiation, according to the end-point definition).
https://doi.org/10.1183/23120541.00167-2019 on-treatment period) and stabilised after L-CsA was resumed (a "rescue" crossover). Of the five end-point occurrences in the SOC-alone group, two patients were re-transplanted, one developed respiratory failure and one out of two patients who crossed over from SOC-alone responded to L-CsA without further interventions. BOS grade progression from randomisation occurred three-fold less commonly in patients receiving L-CsA versus SOC-alone ( p=0.05) (figure 2b).
Lung function changes prior to randomisation and after L-CsA ) ( p=0.1) (figure 3d). Of the three subjects for whom L-CsA was administered as a rescue therapy (re-initiated for L-CsA or crossover from SOC-alone), the ΔFEV 1 slope after L-CsA rescue at 24 weeks was +0.01 (95% CI 0.003-0.018) L·month 
Systemic immune suppression
Maintenance tacrolimus blood levels and doses and prednisone doses were similar at baseline (table 1) ; p=0.0007), but were similar at randomisation (table 1) .
Histopathology before and after randomisation to L-CsA Transbronchial biopsies were performed when indicated by the University of Maryland protocol. Prior to randomisation, histology demonstrated four cases with airway rejection in L-CsA cases (two patients B1 and two patients with histological changes suggestive of bronchiolitis obliterans) and only one receiving SOC-alone (one patient with changes suggestive of bronchiolitis obliterans). Post-randomisation, four patients receiving SOC-alone had airway rejection (two patients B2 and two patients B1), whereas two patients receiving L-CsA had B1 airway rejection. One patient receiving L-CsA and two patients receiving SOC-alone experienced grade 1 acute rejection. No patient had histopathological changes consistent with antibody-mediated rejection or positive C4d staining prior to or after randomisation.
Pharmacokinetics
Cyclosporine blood sampling was done for all patients randomised to L-CsA and one crossover patient. Mean±SD maximum cyclosporine blood concentration (C max ) was 57.42±34.26 ng·mL −1 achieved after 15−30 min (t max ) and the half-life (t 1/2 ) was ∼2 h. At 24 h, mean±SD cyclosporine blood concentration was 1.42±4.91 ng·mL
Adverse events
No adverse event required withdrawal from L-CsA or permanent drug discontinuation. No patient was lost to follow-up. Peak expiratory flow (PEF) at the first dosing was 367.7 L·min −1 prior to inhalation and 327.7 L·min −1 after inhalation (−10.9% decrease). No patients met the pre-specified PEF 20% decline criterion to discontinue L-CsA. Three adverse events were related to L-CsA: conjunctivitis, pharyngitis and productive cough. was no difference in infection rates: five out of 11 (45%) and six out of 10 (60%) patients in the L-CsA and SOC-alone groups, respectively ( p=0.7). No adverse events had a fatal outcome.
Survival for L-CsA patients improved compared with SOC-alone (45% (five out of 11) alive compared with 0% (none out of 10) alive; median 4.1 versus 2.9 years; p=0.03 (Renyi test p=0.07)) (figure 5a). Graft survival (death and re-transplant) was similarly improved: 4.1 years L-CsA versus 2.7 years SOC-alone; six out of 11 treatment failures, one re-transplant; 10 out of 10 treatment failures, three re-transplants ( p=0.01) (figure 5b). Causes of death were all chronic allograft rejection with the exception of disseminated skin cancer (L-CsA) and renal failure (SOC-alone).
Discussion
Lung transplant survival is limited and has failed to improve substantially during the past two decades. Bronchiolitis obliterans is a leading cause of death [3] . Inhalation of cyclosporine provides high bronchiolar concentrations and may arrest BOS progression [21] . This initial exploratory randomised controlled open-label trial of L-CsA provides evidence for improvement of BOS defined by the composite end-point, i.e. BOS progression-free survival, with a clinically meaningful improvement at 48 weeks (82% L-CsA versus 50% SOC-alone; p=0.1) and a three-fold arrest of BOS grade progression ( p=0.05). Although the difference in BOS progression-free survival was not significant statistically in 21 cases, the clinical magnitude of the benefit, i.e. an absolute difference of 32%, was large. Moreover, comparison of change in BOS grade from randomisation was also impressive, with a two-thirds reduction in L-CsA patients.
L-CsA significantly stabilised FEV 1 and FVC compared with SOC-alone. In addition to the intergroup differences in FEV 1 decline, the intragroup change in FEV 1 slopes differed before and after randomisation in L-CsA, converting from a negative to positive slope; in contrast, SOC-alone controls declined functionally post-randomisation at rates similar to pre-randomisation, demonstrating the characteristic inexorable decline of FEV 1 from BOS despite current SOC management without L-CsA [32, 33] . Crossover patients who were off L-CsA but started L-CsA because of ongoing deterioration showed similar FEV 1 improvements. Prior investigations of bronchiolitis obliterans using aerosol cyclosporine in propylene glycol, as well as a recent study using inhaled cyclosporine for BOS following haematopoietic stem cell transplantation, have shown similar pulmonary function benefits [20, 26, 34] , as have other nonrandomised studies using immunosuppressive therapies for bronchiolitis obliterans [35] .
L-CsA resulted in the improvement of long-term survival and graft survival (4.1 versus 2.9 years with SOC-alone), a finding nearly matching an observational cohort study performed at the University of Pittsburgh in the USA in 2005 comparing histological bronchiolitis obliterans patients treated with inhaled cyclosporine to SOC-alone controls (median survival 4.5 versus 2.4 years) [18] . An L-CsA survival benefit was also noted in a randomised double-blind placebo-controlled trial showing bronchiolitis obliterans could be prevented by the addition of aerosolised cyclosporine-propylene glycol [25] .
Allograft histology demonstrated reduced severity and frequency of bronchiolar inflammation after L-CsA randomisation but not before randomisation and synchronous levels of IL-2 in BAL were lower in L-CsA cases after but not prior to randomisation [36] . Elevated cyclosporine concentrations in the rejecting lung would explain these findings [21, 28] . Increases in BAL cytokines IFN-γ and IL-10 were also observed in L-CsA patients; IFN-γ regulates cellular proliferation and collagen synthesis, while IL-10 can induce immune tolerance [37, 38] .
Although the L-CsA and SOC-alone groups were similar with reference to baseline and subsequent BOS treatments, including tacrolimus exposure, immunosuppressive augmentation cycles and azithromycin use [39] , the SOC-alone cohort did have significantly higher sirolimus blood levels consistent with physician-directed attempts to control progressing BOS and lung failure. The drug dose of L-CsA was given twice a day to ensure that the beneficial dose of 5 mg would be deposited in the lung allograft. Pharmacokinetics studies demonstrated a low vascular concentration of cyclosporine. Infections and respiratory infections were similar between groups, and L-CsA offered greatly improved tolerability and reduced treatment time with the eFlow nebuliser (10-15 min) compared with cyclosporine-propylene glycol formulations [25] . With increased experience using L-CsA in larger scale trials, systemic immunosuppressive requirements could lessen, as witnessed by reduced sirolimus exposure in L-CsA patients.
In this small, single-centre trial, the addition of inhaled L-CsA offered a substantial functional benefit without additional toxicity. Due to the exploratory nature of this study, further experience is needed to confirm the magnitude and duration of the observed effects. Patient enrolment for a phase III international multicentre trial using L-CsA for BOS has begun (CliniclaTrials.gov identifiers NCT03657342 and NCT03656926).
